The paper refers to the evaluation of the unavailability of systems made by repairable binary independent components subjected to aging phenomena. Exponential, exponential-linear, and Weibull distributions are assumed for the components failure times. We assume that components failure rate increases only slightly during the maintenance period, but we recognize the effectiveness of preventive maintenance only in presence of aging phenomena. Importance measures allow the ranking of the input variables. We propose analytical equations that allow the estimation of the first-order Differential Importance Measure (DIM) on the basis of the Birnbaum measures of components, under the hypothesis of uniform percentage changes of parameters. Without further information than that used for the estimation of "DIM for components, " "DIM for parameters" allows considering separately the importance of random failures, aging phenomena, and preventive and corrective maintenance. A two-step process is proposed for the system improvement, by increasing the components reliability and maintainability performance as much as possible (within the applicable technological limits) and then by optimizing preventive maintenance on them. Some examples taken from the scientific literature are solved in order to verify the correctness of the analytical equations and to show their use.
Introduction
Several studies have demonstrated that components do not contribute to system performance in the same way [1, 2] . Thus, it is essential for analysts to identify "critical" components [3] . Importance measures allow the ranking of input variables of a model [4] . This turns out to be a crucial problem when the model of the system (in a general sense) includes a variety of input variables and structural parameters. This is certainly the case of nuclear power plants and their probabilistic risk assessment [1, [5] [6] [7] [8] [9] [10] [11] .
In this paper, we are interested in the unavailability of systems made by repairable binary components, under "perfect, " corrective, and preventive maintenance (i.e., components are "as good as new" after maintenance). We assume the exponential distribution for the components repair times.
Aging phenomena are introduced into the model through time-dependent failure rates, by assuming the Exponentiallinear distribution [5] and the more general Weibull distribution for the components failure times [7] . As in paper [8] , we suppose that components failure rate increases only slightly during the "Maintenance period". It allows referring to constant "effective" failure rate of components. Differently from paper [8] , but we recognize explicitly that preventive maintenance is effective only on components subjected to aging phenomena. Importance measures allow the ranking of the input variables of the model which can be the components unavailability and/or the parameters that define their failure and repair probability distributions, according to the contribution of their changes to the model output (system unavailability). We adopt the first-order Differential Importance Measure (DIM), which provides the fraction of total change in the model output that is due to "small" one at time changes in the input variables [9] .
The estimation of the "DIM for components" only requires the knowledge of the first-order partial derivatives of the system unavailability with respect to the components 2 Journal of Quality and Reliability Engineering unavailability. They can be estimated on the basis of the "system function" that defines the status of the system on the basis of the state of components.
The estimation of the "DIM for parameters" provides information about the importance of the random failure, aging phenomena, and corrective and preventive maintenance separately but requires the knowledge of the first-order partial derivatives of the system unavailability with respect to each parameter. The number of partial derivatives increases as well as their complexity because of nonlinear terms.
The paper proposes analytical equations for the estimation of the first-order Differential Importance Measure (DIM) for parameters, on the basis of the same information used for the estimation of DIM for components (i.e., Birnbaum measures) . Specifically, proposed equations can be applied to systems made by "independent" components. Independence among components (and among parameters that define their failure and repair probability distributions) allows considering separately the dependence of system Unavailability on components Unavailability and the dependence of each component Unavailability on its parameters. If this assumption is not fulfilled (i.e., in presence of intercomponent or functional dependences, e.g., cold spare, share load,. . .), and the system is described by a homogenous Markov process (this is not the case of components subjected to aging), DIM for Markov models can be used [5, 11] .
In the second paragraph, we provide some general information about systems made by repairable binary components under aging phenomena and preventive maintenance [5, 7, 8] and about the Differential Importance Measures [9] . In the third paragraph, we propose the analytical equations that allow the estimation of DIM for independent components and parameters, under different assumptions for the components failure times (exponential, exponential-linear, and Weibull). Furthermore, a two-step process is proposed for the improvement of system performance (i.e., the decrease of the system unavailability). In the fourth paragraph, we solve some examples taken from paper [8] , verify the correctness of the analytical equations, and showing advantages of their use.
Background

Repairable Components with Aging Phenomena and Preventive Maintenance.
We assume an exponential distribution for the failure and repair times of a binary repairable component. is the (constant) failure rate and is the (constant) repair rate. The asymptotic value of the component unavailability is the following:
2.1.1. Exponential-Linear Distribution. Components are assumed to age according to an exponential-linear distribution for the failure times [5, 8] . Components failure rate increases in time according to ( ) = 0 + ⋅ , where the constant term 0 refers to random failures and the "growth parameter" > 0 introduces aging phenomena.
Components aging is mitigated by preventive maintenance actions. We assume that the time interval between two consecutive maintenance actions, which is named maintenance period ( ), is constant during the system life time. Moreover, preventive maintenance actions are performed at regular time interval, in spite of occurrences of failures requiring corrective maintenance, and their duration is negligible.
If the components failure rate increases only slightly during the maintenance period, we can refer to a constant "Effective value"; it is estimated by imposing that the failure probabilities for the exponential-linear and the exponential distributions coincide within the following maintenance period:
The component unavailability comes from (1) by assuming (2) for its failure rate.
Weibull Distribution.
Components are assumed to age according to a Weibull distribution for the failure times [7] . Components failure rate increases in time according to ( ) = 0 + ⋅ ⋅ −1 , where the constant term 0 refers to random failures and the two parameters of the Weibull distribution introduce aging phenomena ( > 1 is the shape parameter and 1/ is the scale parameter). If the components failure rate increases only slightly during the maintenance period, the effective value of the component failure rate turns out to be the following: * = 0 + ⋅ −1 , with > 1.
(
The component unavailability comes from (1), by assuming (3) for its failure rate. For = 2 and = √ /2, the Weibull and exponential-linear distributions coincide.
Importance
Measures. The unavailability of a system made by binary repairable components (. . . , , . . .) comes from the system function (. . . , , . . .), which defines the status of the system ( = 1 if the system does not execute its "mission", = 0 elsewhere), on the basis of the state of components ( = 1 if the component " " failed, = 0 elsewhere).
Importance measures were originally introduced by Birnbaum [4] . For a system made by repairable components, the Birnbaum measure is the first-order partial derivative of the system unavailability with respect to the following component unavailability:
"Traditional" importance measures (Birnbaum measure, Criticality measure, Risk Reduction Worth, Risk Achievement Worth measures, and Fussell-Vesely) require new evaluations of the model in order to estimate the importance of a combination or group of components/parameters [7] .
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For instance, the analyst could be interested in importance of different failure modes of a component, of components with homogeneous characteristics (e.g., of the same typology), of parameters impacting different components (e.g., the inspection/maintenance frequency). Differential Importance Measure overcomes this limit [7] .
DIM can be referred to the change of the components unavailability or to the change of the parameters that specify their failure and repair probability distributions. In the first case, DIM for the component " " is the fraction of the total change of the system unavailability, that is, due to the change of components unavailability, taken "one at a time" as follows:
where Δ = 1 for the uniform changes of components unavailability ( = for all , ); Δ = for the uniform percentage changes of the components unavailability ( / = / , for all , ). Generally, DIM assumes different values and provides a different ranking of components under the two hypotheses; the uniform percentage changes are the more realistic ones (indeed, failure and repair rates of components differ significantly). Moreover, DIM is an additive measure, DIM for a group of components is the sum of DIM for components (DIM , = DIM + DIM ).
In the second case, DIM for the parameter " " is the fraction of the total change of the system unavailability, that is, due to the changes of parameters, taken one at a time. DIM for the component " " can be estimated as the sum of DIM for the parameters that specify its unavailability model. For instance, by assuming the exponential distribution for the failure and repair times (. . . , ( , ), . . .), DIM for the component " " turns out to be the following:
The estimation of DIM for the component " " through (6) allows to consider separately the importance of the failure and repair processes but requires the computation of more and more complex partial derivatives of the system unavailability, with respect to each parameter, for each component.
Generally, the measures estimated through (5) and (6) assume different values because of different assumptions (change of components unavailability and change of parameters, resp.). Looking at the unavailability of differential = ( / ) + ( / ) , the measures coincide only if the parameters changes ( and ) provide the same components unavailability changes ( = , for all , ) or percentage changes ( / = / , for all , ).
It must be remarked that the opportunity to consider different changes of input variables (e.g., through the computation of DIM for Markov models by the Perturbation Analysis [11] ) is very interesting in the estimation of high order measures but it is not relevant for the first order DIM which deals with "small" changes of variables.
Techniques and Models
3.1. DIM for Repairable Components. We refer to a system made by binary repairable components, and we assume the exponential distribution for their failure and repair times. Components are "as good as new" after corrective maintenance. Input variables are independent (i.e., there is not any relationship among the components unavailability / parameters , ).
Because of the homogeneity of measure units of parameters, both hypotheses, uniform changes and uniform percentage changes of parameters, could be used [8] . Looking at the unavailability of differential = ( / )⋅ +( / )⋅ , ̸ = 0 if and only if | / | ̸ = | / |. Therefore, DIM can be estimated under the uniform changes of parameters ( = = = , for all , ) only. By (6) , it is possible to separate the dependence of the system unavailability on components unavailability from the dependence of each component unavailability on parameters that specify its failure and repair probability distributions. The first-order partial derivatives of the component unavailability in (1) have been analytically estimated with respect to each parameter ( , ) and introduced in (6).
DIM for parameters and turns out to be the following:
DIM for the component " " is related to the contemporary changes of all its parameters. Because of DIM additivity property, it turns out to be the following:
DIM for components and parameters can be estimated through (7) and (8), on the basis of the Birnbaum measure for components, which only depends on the system function and can be estimated through (4) .
This approach aims to consider separately the nonlinearity of the relationship between the unavailability of the system and its components, neglected in the first-order approximation of the (. . . , , . . .), and the nonlinearity between the component unavailability and its parameters, neglected in the evaluation of Δ = Δ + Δ .
The comparison between (5) and (8) clarifies the different values of the measure, due to the changes of the components unavailability and of their parameters.
DIM for Components Subjected to Aging Phenomena.
Aging phenomena are introduced into the unavailability models of repairable components by assuming the exponential-linear or the Weibull distribution for their failure times. In the first case, we consider two different assumptions for the maintenance period. The first "basic" assumption is taken from paper [8] ; the second "alternative" assumption is proposed in order to acknowledge that preventive maintenance is effective only with reference to aging phenomena. In all cases (exponential-linear distribution with basic and alternative assumptions and Weibull distribution), we provide analytical equations that allow the estimation of the first-order Differential Importance Measures for components and parameters, on the basis of the Birnbaum measure for components, which only depends on the system function and can be estimated through (4).
Exponential-Linear Distribution.
Under the same general assumptions, aging phenomena are introduced into the model by assuming the exponential-linear distribution for the components failure times.
A "Basic" assumption is made for the Maintenance period: according to [8] , the Maintenance Period is specified for each component as a fraction of its "effective Mean Time To Failure", which is the inverse of its effective failure rate. By (2), we have the following results:
Equation (9) constrains the maintenance period to the remaining parameters influencing the component failure probability ( 0 , ).
According to [8] , we assume that is a known (fixed) parameter, and we are interested in the importance ranking of the remaining ones ( 0 , , and ). We assume > 1 in compliance with the hypothesis that the component failure rate increases only slightly during the maintenance period.
In order to estimate the Differential Importance Measure for parameters and components, (9) has been introduced into (2) and then into (1); the first-order partial derivatives of the component unavailability have been analytically estimated with respect to each parameter. DIM is evaluated under the hypothesis of uniform percentage changes of parameters
is specified by (9) and
DIM for the component " " can be estimated as the sum of DIM for its parameters, which are computed through the following equations:
Journal of Quality and Reliability Engineering 5 Then, an "alternative" assumption is made for the maintenance period. According to (9) , it assumes a finite value also without aging phenomena ( → 0 → ( ⋅ 0 ) −1 ). In order to acknowledge that preventive maintenance is effective only in presence of aging phenomena, we assume that the maintenance period is a fraction of the inverse of the timedependent term of the component failure rate. From (2), we have the following results:
According to (15), the maintenance period does not depend on the constant term of the component failure rate and increases (indefinitely) with the decreasing of the aging phenomena ( → 0 → ∞). As in the previous case, we assume > 1. In order to estimate the Differential Importance Measure for parameters and components, (15) has been introduced into (2) and then into (1) 
(ii) by assuming that = , for all , is a known (fixed) parameter,
Equivalently, DIM for components can be estimated as the sum of DIM for its (unfixed) parameters, which are computed through the following equations:
DIM for parameters provides information about the Importance of random failure (DIM 0 ), aging phenomena (DIM ), and corrective (DIM ) and preventive (DIM ) maintenance. DIM for parameters can be added over the components in order to estimate the importance of each kind of parameter (DIM 0 , , , = ∑ =1 DIM 0 , , , ). (3), assuming that the maintenance period is a fraction of the inverse of the timedependent term of the effective failure rate, we have the following results:
Equation (19) constrains the maintenance period to the remaining parameters influencing the component failure probability ( , ). For = 2 and = √ /2, with > 1, (15) and (19) coincide.
In order to estimate the Differential Importance Measure for parameters and components, (19) has been introduced into (3) and then into (1) 
(iii) by assuming that = , for all , is a known (fixed) parameter,
Journal of Quality and Reliability Engineering DIM for parameters can be added over components in order to estimate the importance of each kind of parameter (DIM 0 , , , , = ∑ =1 DIM 0 , , , , ). The above equations are consistent with the ones previously provided for the exponential-linear distribution by assuming that is a known (fixed) parameter and by referring to the change of the parameter 2 ⋅ 2 . By introducing = 2 and = √ /2, (23), (26), and (27) coincide with (15), (17), and (18). Having = (8 ) −1/2 , DIM for the parameter 2 ⋅ 2 turns out to be the following:
By introducing = 2 and = √ /2, (28) coincides with (27).
DIM and Improvement of the System Performance.
The first-order Differential Importance Measure allows the ranking of the input variables, according to the fraction of total change in the model output (system unavailability), that is, due to their small, one at a time changes. DIM for parameters provides information about the importance of the random failure, aging phenomena, and corrective and preventive maintenance. DIM for components provides information about the importance of the components themselves.
Information about the effect of the parameters changes is provided by the sign of the first-order partial derivatives of the system unavailability, while the sign of DIM depends on the values of the input variables. By assuming the exponential-linear distribution for the components failure times, the increase of 0 and leads to the increase of the system unavailability ( / 0 and / > 0), while the increase of and leads to the decrease of the system unavailability ( / and / < 0). By assuming the Weibull distribution for the components failure times, the increase of 0 and leads to the increase of the system unavailability ( / 0 and / > 0), while the increase of , , and leads to the decrease of the system unavailability ( / (since < 1), / , and / < 0).
The absolute values of DIM define a ranking of parameters that provides information about the effectiveness of their changes in the reduction of the system unavailability.
The improvement of the system performance (i.e., reduction of the system unavailability) can be supported by the information coming from a two-step process.
The first step aims to identify the "critical" parameters that define the failure and repair probability distributions of components, by assuming the same preventive maintenance "strategy" for all components (i.e., a fixed parameter ). Generally, technological constraints limit the improvement of the reliability (reduction of random failures and/or aging) and maintainability (increase of the repair rates) performance of components.
The second step aims to support the specification of "optimal" values for the Maintenance period of different components, through a heuristic approach. Specifically, we look for the values of that reduce differences among Differential Importance Measures for components.
Results and Discussion
In order to verify the correctness of the analytical equations proposed in Section 3 and to show the advantages of their use, we solve four case studies, which refer to an example proposed in paper [8] . A system made by three repairable binary components is considered. Its reliability block diagram is shown in Figure 1 .
The first case study refers to repairable components without aging. In the second and third case studies, the exponential-linear distribution is assumed for the components failure times. The second case study refers to the "basic" assumption for the maintenance period, while the third case study refers to the "alternative" one. In the fourth case study, the Weibull distribution is assumed for the components failure times; the "optimal" values are looked for the parameters accounting for the preventive maintenance strategy.
4.1.
Case Study 1. We consider a system made by repairable components without aging phenomena. Table 1 provides input data ( and ) and the unavailability of components estimated through (1). The system unavailability = 3 + 1 ⋅ 2 − 1 ⋅ 2 ⋅ 3 = 0.056 comes from the system function = 3 ⊕ ( 1 ⊗ 2 ). Following the approach described in Section 3, we estimate the Birnbaum measure for components through (4) . Table 1 provides the results coming from 1 = 2 − 2 ⋅ 3 , 2 = 1 − 1 ⋅ 3 and 3 = 1 − 1 ⋅ 2 . DIM is estimated through (7) and (8) of parameters. Table 1 provides the obtained results. They correspond to the values estimated in paper [8] .
Case Study 2.
Aging phenomena are introduced into the model through the exponential-linear distribution for the components failure times. The effective value of the failure rate * is defined by (2) . According to paper [8] , the maintenance period is defined by (9) . Table 1 ( and ) and Table 2 ( and ) provide input data [8] . Table 2 also provides the "basic characteristics" of components (maintenance period, effective value of the failure rate, and unavailability) and their Birnbaum measure. By assuming the values in Table 2 , the system unavailability is = 0.205.
DIM is estimated by assuming that = , for all , is a known (fixed) parameter, under the hypothesis of uniform percentage changes of the remaining ones 0 , , and , through (11) , starting from values in Tables 1 and 2 . DIM for components is the sum of DIM for parameters. Table 3 provides the obtained results.
The ranking of components and parameters defined by DIM estimated through the equations in Section 3 coincides with the ranking provided in paper [8] . Their numerical values differ, but this comparison is not significant because of different assumptions. Indeed, we explicitly consider the growth parameter and its relationships with the remaining ones, in order to have information about the importance of the random failures and aging phenomena separately; this requires the hypothesis of uniform percentage changes.
In paper [8] , the growth parameter is not explicitly introduced into the model; the measure is estimated starting from the partial derivatives of the system unavailability with respect to the effective value of the components failure rates, under the hypothesis of their uniform changes. Moreover, the comparison between the ranking of components for the case studies 1 and 2 is not significant because the system unavailability differs significantly (even if some data are the same) and more generally, because of different hypotheses about (uniform/uniform percentage) changes.
Case Study 3.
We assume the exponential-linear distribution for the components failure times, and we recognize that preventive maintenance is effective only in presence of aging phenomena; the maintenance period is provided by (12).
In order to evaluate the effects of the two different assumptions for the maintenance period, we consider the same data of the case study 2. The different values of the parameter lead to about the system unavailability in the two Case studies.
The only difference regarding the parameter , is shown in Table 4 ; the value 1.75 is assumed; the system unavailability is about the same as that in the case study 2. Table 4 also provides the "basic characteristics" of components (maintenance period, effective value of the failure rate, and unavailability) and their Birnbaum measures.
The comparison between Table 2 (case study 2) and Table 4 (case study 3) clarifies the effects of the different assumptions for the maintenance period. By referring the maintenance period to the time-dependent term of the failure rate, it increases for the components 1 and 2, producing the increase of their effective failure rates and unavailability; it decreases for the component 3 (heavier aging phenomena), producing the decrease of its effective failure rate and unavailability.
DIM is estimated by assuming that = , for all , is a known (fixed) parameter, under the hypothesis of uniform percentage changes of the remaining ones. DIM for parameters 0 , , and is estimated through (15), (16), and (17), respectively, on the basis of values provided in Tables 1,  2 , and 4. DIM for component is the sum of DIM for related parameters. Table 5 provides the obtained results.
By comparing the values provided in Table 3 (case study 2) and Table 5 (case study 3), DIM estimated under the two different assumptions for the maintenance period defines the same ranking of parameters and components. The difference between the importance of the component 3 and the components 1 and 2 decreases; in that sense, the "alternative" assumption provides an optimization in the specification of the maintenance period. For example, during a life time equal to 10 years, by assuming the values specified in Tables 2 and  4 for the maintenance periods, it is necessary to realize that approximately 2,000 operations are performed (about 666 for each component) for the "basic" assumption (case study 2); approximately 1,320 operations are performed (about 295 for components 1 and 2 and 730 for component 3) for the "alternative" assumption (case study 3).
The absolute values of DIM produce the following ranking of parameters: 3 , 3 , 1 − 2 , 1 − 2 , 3 , and 1 − 2 . The more effective improvement is the increase of the repair rate of the component 3. For example, by assuming 3 = 0.095 (from 3 = 0.03), the system unavailability is equal to = 0.115 (reduced from = 0.206). It results that DIM 1 = DIM 2 = 0.190 and DIM 3 = 0.619; a further improvement should be performed if it is possible. By assuming 3 = 0.32, the system unavailability is further reduced ( = 0.081) and DIM for components is about the same (DIM 1 = DIM 2 = DIM 3 = 0.333).
DIM for parameters can be added over components, in order to estimate the "overall" importance of random failure, aging phenomena, and corrective and preventive maintenance. With reference to Table 5 , the most important parameter is the repair rate ; the growth parameter and the constant term 0 have about the same importance.
In order to verify the correctness of the equations proposed in Section 3, the case study 3 was solved numerically. A fictitious uncertainty is assigned to parameters by a normal distribution with a "small enough" standard deviation. 1,000 trials were performed through the Latin Hypercube sampling technique. The simulation gives pairs of values for the uncertain parameter (independent variable) and for the component unavailability (dependent variable). The partial derivatives of the component unavailability with respect to each parameter have been estimated through a linear regression of data. Values obtained for the partial derivatives and then for the Differential Importance Measure coincide with the values obtained from the analytical equations proposed in Section 3.
Case Study 4.
We introduce aging phenomena through the Weibull distribution for the components failure times. The maintenance period is provided by (19) . Table 6 provides the input data ( , ), the values estimated for the "basic characteristics" of components (maintenance period, effective value of the failure rate, and unavailability), and their Birnbaum measure. 0 , , , and * assume the same values introduced for the case study 3. Having = 2 and = √ /2, components and system unavailability for the case study 3 (exponential-linear distribution) and for the case study 4 (Weibull distribution) coincide.
DIM is estimated by assuming that = , for all , is a known (fixed) parameter, under the hypothesis of uniform percentage changes of the remaining ones. DIM for parameters 0 , , , and is estimated through (23), (24), (25), and (26), on the basis of values provided in Table 6 . DIM for component is the sum of DIM for related parameters. Table 7 provides the obtained results.
In order to verify the correctness of the equations proposed in Section 3, the case study 4 has been solved numerically; the same approach described for the previous case study has been adopted with positive results.
If technological constraints prevent the improvement of components unavailability by changing the parameters that define their failure ( 0 , , ) and repair ( ) probability distributions, the only way to reduce the system unavailability concerns the optimization of the preventive maintenance. To this purpose, we consider the parameter as unfixed, we refer it to each component, and we look for the values that minimize the differences among the Differential Importance measure for the parameters .
By assuming 1 = 1, 2 = 1, and 3 = 104, (12) provides the maintenance periods 1 ≈ 392, 2 ≈ 392, and 3 ≈ 15.5, If we assume that = , for all , is a known (fixed) parameter (i.e., we remove the uncertainty on the shape parameter of the Weibull distribution; for example, we assume an exponential-linear distribution for the components failure times), it results DIM = DIM ≈ 0.333, for all (having DIM 0 + DIM + DIM = 0).
A Last Remark. The values of DIM for parameters provided in Table 5 (case study 3, exponential-linear) and in Table 7 (case study 4, Weibull distribution) differ, while DIM for components (which is the sum of DIM for parameters) coincides. 
Conclusions
This paper refers to systems made by repairable binary components and subjected to aging phenomena and "perfect" maintenance, by assuming the exponential, the exponentiallinear, or the Weibull distribution for their failure times. According to paper [8] , "effective values" were taken for the components failure rates, by assuming that they increase only slightly during the time maintenance period. Differently, we proposed to recognize that preventive maintenance is effective only in presence of aging phenomena. Generally, the estimation of DIM for components requires the computation of the first-order partial derivatives of the system unavailability with respect to the components unavailability (Birnbaum measure), which only depends on the system function. The estimation of DIM for parameters requires the computation of more and more complex partial derivatives of the system unavailability (for each parameter of each component).
In this paper, we proposed to consider separately the dependence of the system unavailability on the components unavailability, from the dependence of the component unavailability on the parameters that specify its failure and repair probability distributions. Under the assumptions of independent components and "perfect" maintenance, this approach leads to the analytical equations provided in Section 3. They allow the estimation of the first-order Differential Importance Measures for components and parameters, under the hypothesis of uniform percentage changes of parameters, on the basis of the Birnbaum measure for components.
Through the proposed equations, the estimation of DIM for parameters does not require further information than that used for the estimation of DIM for components and allows considering separately the importance of the random failure, aging phenomena, and preventive and corrective maintenance. This information supports the improvement of the system performance.
We solved some case studies in order to verify the correctness of the analytical equations and to show the advantages of their use.
Results coming from the analytical equations (numeric values of the measure and ranking of parameters and components) were compared with values taken from paper [8] and coming from the numerical solution of the case studies; the comparison confirmed the consistency of the proposed equations.
Results coming from the case studies (2 and 3) show that preventive maintenance can be optimized (i.e., the maintenance period can be increased) by recognizing that it is effective only in presence of aging phenomena.
Results coming from the last case study (4) show the opportunity to apply a two-step process for the improvement of the system performance. The first step regards the improvement of the reliability (reduction of random failure and/or aging phenomena) and maintainability (increase of the repair rate) performance of components, within the applicable technological limits. The second step regards the specification of the "optimal" strategy for preventive maintenance (i.e., values of the maintenance periods that reduce differences among values of DIM).
The implementation of the proposed analytical equations into a software tool will allow their application to more complex and realistic systems.
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